Diacylglycerol acyltransferases (DGATs) catalyze a rate-limiting step of triacylglycerol (TAG) biosynthesis in higher plants and yeast. The genome of the green alga Chlamydomonas reinhardtii has multiple genes encoding type 2 DGATs (DGTTs). Here we present detailed functional and biochemical analyses of Chlamydomonas DGTTs. In vitro enzyme analysis using a radiolabel-free assay revealed distinct substrate specificities of three DGTTs: CrDGTT1 preferred polyunsaturated acyl CoAs, CrDGTT2 preferred monounsaturated acyl CoAs, and CrDGTT3 preferred C16 CoAs. When diacylglycerol was used as the substrate, CrDGTT1 preferred C16 over C18 in the sn-2 position of the glycerol backbone, but CrDGTT2 and CrDGTT3 preferred C18 over C16. In vivo knockdown of CrDGTT1, CrDGTT2 or CrDGTT3 resulted in 20-35% decreases in TAG content and a reduction of specific TAG fatty acids, in agreement with the findings of the in vitro assay and fatty acid feeding test. These results demonstrate that CrDGTT1, CrDGTT2 and CrDGTT3 possess distinct specificities toward acyl CoAs and diacylglycerols, and may work in concert spatially and temporally to synthesize diverse TAG species in C. reinhardtii. CrDGTT1 was shown to prefer prokaryotic lipid substrates and probably resides in both the endoplasmic reticulum and chloroplast envelope, indicating its role in prokaryotic and eukaryotic TAG biosynthesis. Based on these findings, we propose a working model for the role of CrDGTT1 in TAG biosynthesis. This work provides insight into TAG biosynthesis in C. reinhardtii, and paves the way for engineering microalgae for production of biofuels and high-value bioproducts.
INTRODUCTION
Triacylglycerols (TAGs) are energy-rich reduced carbon reserves that are commonly found in algae, higher plants, fungi and animals. Under stress conditions such as nutrient deprivation or high light irradiance, many microalgae accumulate high levels of TAGs as storage compounds (Hu et al., 2008) . Recently, growing demand for sustainable fuels has revived interest in exploring microalgae as a renewable feedstock for biofuel production. However, TAG productivity from the naturally occurring microalgae currently used for oil production remains far below the theoretical maximum (Sheehan et al., 1998; Hu et al., 2008; Li et al., 2011) .
Triacylglycerol biosynthesis has been intensively studied in yeast and higher plants, and is thought to occur mainly via two routes: an acyl CoA-independent route and an acyl CoA-dependent route. The acyl CoA-independent route involves transfer of a fatty acyl moiety from a phospholipid to diacylglycerol (DAG) to form TAG; this transfer is mediated by a phospholipid:DAG acyltransferase (PDAT) (Dahlqvist et al., 2000; Stahl et al., 2004; Yoon et al., 2012; Fan et al., 2013) . By contrast, the acyl CoA-dependent route uses acyl CoA as the acyl donor and involves three sequential acylations of glycerol-3-phosphate, with the final acylation catalyzed by DAG acyltransferase (DGAT) (Ohlrogge and Jaworski, 1997) . Several types of DGATs have been identified in higher plants, including DGAT1 and DGAT2, two structurally distinct groups of membranebound acyltransferases (Ohlrogge and Jaworski, 1997; Lung and Weselake, 2006) . Additional DGATs include a type 3 soluble DGAT that is found in the cytosol of Arachis hypogaea (peanut) (Saha et al., 2006) and a bi-functional DGAT/wax ester synthase found in the bacterium Acinetobacter calcoaceticus (Kalscheuer and Steinbuchel, 2003) . DGATs have been proposed to play a regulatory role in plant TAG biosynthesis, because DGAT catalyzes the only committed step in TAG biosynthesis. Moreover, modulation of DGAT activity in Brassica napus altered oil production (Lung and Weselake, 2006) . In Arabidopsis thaliana, mutation of DGAT1 affected seed oil biosynthesis, but mutation of DGAT2 did not (Zou et al., 1999) . By contrast, work in Vernicia fordii (tung tree) indicated that DGAT2 is essential for TAG biosynthesis (Shockey et al., 2006) , suggesting that DGAT enzymes have distinct roles in TAG biosynthesis in different organisms. Sequence analysis of algal genomes has identified DGAT1 and DGAT2 homologs (Merchant et al., 2007; Wagner et al., 2010; Guiheneuf et al., 2011; Radakovits et al., 2012; Vieler et al., 2012) , but the regulation and contribution of different DGAT genes to TAG biosynthesis remain poorly understood.
Chlamydomonas reinhardtii has been widely used as a model organism to study TAG metabolism, and many genes involved in TAG biosynthesis have been identified in the C. reinhardtii genome, including one PDAT gene, one DGAT1 gene, five DGAT2 genes and one DGAT3-like gene (Merchant et al., 2007; Boyle et al., 2012; Blaby et al., 2013) . DGATs, rather than PDAT, are thought to be the major contributors to TAG formation in C. reinhardtii under nitrogen deprivation (Hu et al., 2008; Yoon et al., 2012) .
Chlamydomonas reinhardtii harbors five type 2 DGAT genes (named DGTT genes in this organism), in contrast to Arabidopsis thaliana, which possesses only one type 2 DGAT. The presence of multiple DGTT genes in C. reinhardtii raises the possibilities that they may be expressed in distinct subcellular compartments, possess differential substrate specificities, and respond differently to abiotic stress conditions, thus contributing synergistically to formation of diverse TAG species. Previously, the C. reinhardtii DGAT genes, DGTTs in particular, were partially characterized by functional complementation in TAG-deficient yeast strains (Boyle et al., 2012; Hung et al., 2013; Sanjaya et al., 2013) or by heterologous expression in Arabidopsis (Sanjaya et al., 2013) . An in vitro assay to dissect the substrate specificity of CrDGTT2 and CrDGTT3 was performed using radiolabeled C16:0 and C18:1 CoAs, but specificity with respect to the other substrate, DAG, was not explored (Sanjaya et al., 2013) . While these studies confirmed the acyltransferase activity of CrDGTT1, CrDGTT2 and CrDGTT3, their substrate specificity beyond C16:0 and C18:1 CoAs remains to be studied. Over-expression and knockdown of CrDGTT1, CrDGTT2 or CrDGTT3 in C. reinhardtii have also been attempted (Deng et al., 2012; La Russa et al., 2012; Iwai et al., 2014) ; however, changes in TAG content and fatty acid composition were not characterized.
In higher plants, glycerolipids with a C18 acyl group in the sn-2 position are assembled in the endoplasmic reticulum (ER) via the eukaryotic pathway, whereas those with a C16 acyl group in sn-2 are assembled in plastids via the prokaryotic pathway (Ohlrogge and Browse, 1995) . The prokaryotic pathway has been suggested to mediate TAG synthesis and lipid droplet (LD) formation in the chloroplast of C. reinhardtii (Fan et al., 2011; Goodson et al., 2011; Tsai et al., 2015) . In this study, we developed a radiolabel-free in vitro assay that revealed the different substrate specificities of CrDGTT1, CrDGTT2 and CrDGTT3 with respect to both acyl CoAs and DAGs. We also generated individual CrDGTT knockdown lines of these three genes using an artificial microRNA-mediated approach, and investigated the functions of these enzymes in vivo via lipidomic analysis. CrDGTT1 was found to prefer prokaryotic lipid substrates and to probably reside in the ER and chloroplast envelope, indicating its role in prokaryotic TAG biosynthesis. We discuss the implications of these results for TAG metabolism in microalgae, and describe potential biotechnological applications.
RESULTS

Cloning of CrDGAT genes and functional analysis in yeast
Using quantitative real-time PCR, we confirmed that nitrogen (N) deprivation triggered the up-regulation of CrDGAT1 (Cre01.g045900), CrDGTT1 (Cre12.g557750), CrDGTT2 (Cre02.g121200), CrDGTT3 (Cre06.g299050), CrDGTT4 (Cre03.g205050), CrDGTT5 (Cre02.g079050) and CrDGAT3-like (Cre06.g310200) at the mRNA level (Figure S1 ), in agreement with previous RNA-seq data (Miller et al., 2010; Blaby et al., 2013; Goodenough et al., 2014) . Up-regulation of CrDGAT genes under N deprivation coincided with a drastic increase in TAG content, from a basal level of 3 nmol mg À1 dry weight on day 0 to 146 nmol g À1 on day 4 ( Figure S2a ). We next introduced these six CrDGAT genes into the TAG-deficient Saccharomyces cerevisiae strain H1246 (Ddga1Dlro1Dare1Dare2). Expression of CrDGTT1, CrDGTT2 and CrDGTT3 restored TAG biosynthesis, as indicated by prominent TAG spots on a TLC plate of the lipid extracts from the transformed yeast cells, but a TAG spot was not observed for the control expressing the empty vector (Figure S3a) . The CrDGTT1-expressing strain produced the highest level of TAG, followed by strains expressing CrDGTT2 and CrDGTT3. Yeast strains expressing CrDGAT1, CrDGTT4 or CrDGAT3-like did not produce any detectable TAG.
To test whether CrDGTTs are active on polyunsaturated fatty acids (PUFAs) present in C. reinhardtii but not in yeast, we assessed the growth response of CrDGTTexpressing S. cerevisiae H1246 to feeding with free fatty acids (FFAs). H1246 cells lacking DGAT activity did not efficiently metabolize FFA, and FFA feeding severely impaired the growth of these cells; by contrast, heterologous expression of DGATs in H1246 cells enabled them to import FFA for sequestration into TAG, thus leading to FFA detoxification and restoration of cell growth (Siloto et al., 2009) . We examined the response of CrDGTT-expressing H1246 cells to feeding with four FFAs: C16:1n7, C18:1n9, C18:2 and C18:3n3 ( Figure S3b ). Similar to the control cells expressing the empty vector, the H1246 cells expressing CrDGAT1, CrDGTT4 or CrDGAT3-like showed no growth in the presence of any of these FFAs, further supporting the likelihood that the encoded enzymes have no acyltransferase activity. By contrast, H1246 cells expressing CrDGTT1, CrDGTT2 or CrDGTT3 exhibited various growth responses to FFA feeding. When fed with C16:1n7, CrDGTT1-expressing yeast cells exhibited the highest growth rate, indicating that CrDGTT1 probably has greater activity than CrDGTT2 and CrDGTT3 toward C16:1n7 CoA. When fed with C18:1n9, CrDGTT2-expressing yeast cells accumulated the most biomass, suggesting that CrDGTT2 had the highest activity toward C18:1n9 CoA. As CrDGTT1-expressing H1246 cells produced more biomass when supplemented with either C18:2 or C18:3n3 than did CrDGTT2-expressing cells, CrDGTT1 may have higher activity than CrDGTT2 toward C18:2 and C18:3n3 CoAs. Feeding with C18:2 or C18:3n3 completely blocked cell growth of CrDGTT3-expressing H1246 cells, suggesting that CrDGTT3 cannot use these two acyl CoAs.
Acyl CoA substrate specificity of CrDGTT1, CrDGTT2 and CrDGTT3
Over 30 major TAG species are present in C. reinhardtii (Yoon et al., 2012) , suggesting that the DGAT isoforms have different substrate preferences. To test this possibility, we developed an in vitro radiolabel-free DGAT assay to quantitatively measure the activity and substrate specificity of CrDGTTs toward a wide range of acyl CoAs and DAGs with minimum background signals ( Figure S4 ). The amount of TAG product showed a good linear relationship with the acyl CoA concentrations (62.5-250 lM) under our tested conditions ( Figure S5 ). Compared to the radiolabeled in vitro DGAT assay, our radiolabel-free assay was less sensitive and required a higher level of TAG products for DGAT activity determination. Thus, we used a higher concentration of acyl CoA (250 lM) in our subsequent experiments. As the sn-2 position of TAG contained predominantly C16:0, while the sn-1/sn-3 positions mainly contained C18:1n9 ( Figure S2b,c) , we first used the prokaryotic C18:1n9/C16:0 DAG as an acyl acceptor for the in vitro assay. We examined ten acyl CoAs, including most of the fatty acids present in the sn-1/sn-3 positions of TAG ( Figure S2b ) and four fatty acids that are not present in C. reinhardtii, i.e. c-linolenoyl CoA (C18:3n6(d6) CoA), eicosapentaenoyl CoA (C20:5n3 CoA), docosahexaenoyl CoA (C22:6n3 CoA) and lignoceryl CoA (C24:0 CoA). The microsomal protein fraction from the empty vector-expressing H1246 cells, which produced no TAG, was used as a negative control ( Figure S6a) .
Unsaturated acyl CoAs, particularly polyunsaturated acyl CoAs, were the preferred substrates for CrDGTT1 (Figure 1a) . CrDGTT1 had a considerably higher activity toward C16:1 than C16:0. For C18 CoAs, CrDGTT1 had the greatest activity toward C18:3n, followed by C18:2, C18:1n9 and C18:0. CrDGTT1 preferred shorter-chain acyl CoAs when the number of double bonds was the same; for instance, C16:0 and C16:1 resulted in a greater level of TAG accumulation than C18:0 and C18:1, respectively. CrDGTT1 was also shown to have strong activity toward C20:5n3 and C22:6n3 CoAs. By contrast, CrDGTT2 exhibited a preference for monounsaturated acyl CoAs over saturated ones (Figure 1b) . However, when supplied with acyl CoAs of the same acyl chain length, CrDGTT2, unlike CrDGTT1, showed only a slight preference for polyunsaturated acyl CoAs over monounsaturated ones. CrDGTT2 showed comparable activities toward C16:0 and C18:0 CoAs; for unsaturated acyl CoAs, it had similar activity toward C16:1 and C18:1 CoAs. Interestingly, CrDGTT2 also showed strong activity toward C20:5n3 and C22:6n3 CoAs. In contrast to CrDGTT1 and CrDGTT2, CrDGTT3 showed low activity toward polyunsaturated acyl CoAs and preferred C16 CoAs, particularly C16:1 CoA, over C18 and other longer-chain fatty acyl CoAs (Figure 1c ). We also evaluated the preference of CrDGTT1, CrDGTT2 and CrDGTT3 for acyl CoAs using another eukaryotic DAG (C18:1n9/C18:1n9 DAG) as the acyl acceptor, and observed similar results ( Figure S7) .
Quantitatively, CrDGTT1, CrDGTT2 and CrDGTT3 had comparable enzymatic activities on C16:0 CoA, while CrDGTT1 had the greatest activity toward C16:1 CoA compared with other DGTTs (Figure 1d ). CrDGTT2 showed greater activity for C18:0 and C18:1n9 CoAs than did the other two DGTTs. On the other hand, CrDGTT1 showed the highest activity toward C18 polyunsaturated CoAs. These data indicate that CrDGTT1 contributes predominantly to incorporation of C18 polyunsaturated fatty acyl CoAs, while CrDGTT2 contributes more to incorporation of C18:0 and C18:1n9 into TAG.
DAG substrate specificity of CrDGTT1, CrDGTT2 and CrDGTT3
We further investigated the activity and preference of CrDGTT1, CrDGTT2 and CrDGTT3 for various DAGs. A microsomal fraction prepared from control H1246 cells expressing the empty vector did not catalyze formation of TAG from any of the DAGs tested ( Figure S6b ). When using C18:3n6(d6) CoA as the acyl donor, CrDGTT1 showed strong and comparable activity toward C16:1/C16:1, C18:1n9/C16:0, C16:0/C18:1n9 and C18:1n9/C18:1n9 DAGs, but weak or no activity toward C16:0/C16:0, 1,3-C18:1n9/ C18:1n9, C18:2/C18:2 and C18:3n3/C18:3n3 DAGs (Figure 2a) . Interestingly, when the acyl donor was C16:0 or C18:1n9 CoA, which represent the most abundant fatty acids in the sn-1/sn-3 positions of Chlamydomonas TAGs ( Figure S2b ), CrDGTT1 demonstrated considerably higher activity toward C18:1n9/C16:0 DAG than toward eukaryotic DAGs with C18 in the sn-2 position. These data indicate that CrDGTT1 prefers prokaryotic DAGs as the acyl acceptor for TAG biosynthesis. CrDGTT2, unlike CrDGTT1, preferred the eukaryotic C16:0/C18:1n9 and C18:1n9/C18:1n9 DAGs over prokaryotic DAGs for TAG formation (Figure 2b) . CrDGTT3 had slightly higher activity toward the eukaryotic C16:0/C18:1n9 and C18:1n9/C18:1n9 DAGs than toward C18:1n9/C16:0 DAG (Figure 2c ).
Feeding with free fatty acids enhances TAG biosynthesis and affects the fatty acid profile of Chlamydomonas Incorporation of FFAs into TAG under N deprivation is catalyzed primarily through the Kennedy pathway in C. reinhardtii. To determine how fatty acids were incorporated into TAG in Chlamydomonas, and the enzymatic activity of DGATs in vivo, we coupled feeding of exogenous FFAs to C. reinhardtii to treatment with cerulenin, a b-ketoacyl ACP synthase I inhibitor that is known to inhibit de novo fatty acid biosynthesis in algae . In the presence of 10 lM cerulenin, the TAG content decreased by more than 80% in C. reinhardtii under N deprivation conditions ( Figure S8a ). Cerulenin caused a drastic decrease in the relative content of C18:1n9 and a concomitant enrichment of C16:4, C18:0, C18:1n11, C18:3n6, C18:3n3 and C18:4 (Figure S8b) . This decrease was partially restored by FFA feeding, with C18:1n9 being the most effective ( Figure S8a ). Although the FFA feeding experiments did not rule out the contribution of other acyltransferases, such as PDAT, to TAG biosynthesis under N deprivation, previous studies indicate that the primary route for TAG biosynthesis under N deprivation is through the DGAT-catalyzed pathway (Yoon et al., 2012) . Thus, the restoration of TAG biosynthesis following FFA feeding may primarily result from action of the CrDGATs. FFA feeding led to an increase in not only the fed FFA, but also of the desaturated forms of the respective fed FFA. For example, C16:1n7 feeding led to a drastic increase in the relative content of not only C16:1n7, accounting for 35.6% of the fatty acids in TAG (TAG FAs), but also an increase in C16:2 and C16:4 content (Figure S8b) . As no desaturase is known or predicted to desaturate fatty acids linked to TAG (Li-Beisson et al., 2015) , some of the exogenous FFAs were probably first incorporated into polar lipids for further desaturation and then released by lipases for subsequent TAG assembly (Figure S8b) . We also observed incorporation of exogenous FFAs into DAG ( Figure S9 ). It is worth noting that the increased accumulation of fatty acids in TAG as a result of FFA feeding under N deprivation occurred not only in the sn-1/sn-3 positions (Figure S8c) , but also in the sn-2 position of TAG ( Figure S8d ). For example, C16:1n7 feeding led to a 45-fold increase in the relative content of C16:1n7 in the sn-1/sn-3 positions of TAG, and a sixfold increase in the sn-2 position of TAG, indicating that the acyl CoAs from exogenous FFAs were incorporated into TAG by acyltransferases, probably DGATs, under N deprivation, in both the sn-1/sn-3 and sn-2 positions. These data suggest that Chlamydomonas DGATs use both eukaryotic and prokaryotic substrates for TAG biosynthesis.
Cerulenin also caused a significant decrease in the content of polar membrane lipids, including monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), diacylglycerol trimethylhomoserine (DGTS), phosophatidylglycerol (PG) and phosphatidyl inositol (PI); by contrast, the level of sulfurquinovosyl diacylglycerol (SQDG) was barely altered ( Figure S8e ). FFA feeding restored polar lipid biosynthesis in cerulenin-treated cells to various degrees ( Figure S8e ). Among the four tested FFAs (i.e., C16:1n7, Figure 2 . The various specificities of CrDGTT1, CrDGTT2, and CrDGTT3 for DAGs. TLC analysis of lipids resulting from in vitro enzymatic reactions of CrDGTT1 (a), CrDGTT2 (b) and CrDGTT3 (c) with various DAGs (1, C16:0/C16:0; 2, C16:1/ C16:1; 3, C18:1n9/C16:0; 4, C16:0/C18:1n9; 5, C18:1n9/C18:1n9; 6, 1,3-C18:1n9/C18:1n9; 7, C18:2/C18:2; 8, C18:3n3/C18:3n3). The acyl CoA donor used in each reaction is indicated on the panel. The numbers above each panel indicate the relative TAG values, normalized to those obtained when C18:1n9/C16:0 DAG was used as the acyl acceptor (set as 100).
C18:1n9, C18:2 and C18:3n3), only C18:3n3 restored MGDG levels ( Figure S8e ). By contrast, all four FFAs resulted in an increase in DGDG ( Figure S8e ), and altered its fatty acid profile in an FFA-specific manner ( Figure S10 ). For example, we observed a considerable increase in the relative content of C16:1n7 (32-fold increase) in DGDG upon C16:1n7 feeding.
CrDGTT1 knockdown suppresses TAG accumulation and modifies polyunsaturated fatty acid composition To investigate the function and possible biological role of individual DGATs in C. reinhardtii, we used an artificial microRNA-mediated gene silencing approach (Molnar et al., 2009 ) to generate CrDGTT knockdown lines. To enhance knockdown vector expression and increase knockdown efficiency under N deprivation conditions, we replaced the original psaD promoter with a hybrid constitutive HSP70/RBCS2 promoter to drive expression of the artificial microRNA sequence ( Figure S11 ). This increased the knockdown efficiency, in some cases from approximately 50 to 85%.
Two CrDGTT1 knockdown lines, CrDGTT1-11i and CrDGTT1-13i, exhibited a reduction in CrDGTT1 transcripts of over 70% under both N-replete and N-deprived conditions ( Figure 3a ). CrDGTT1 knockdown was also confirmed at the protein level by immunoblotting ( Figure 3b ). No difference in TAG content was observed between the control and CrDGTT1 knockdown lines under N-replete conditions ( Figure 3c , day 0). Upon stress induction, the TAG content in CrDGTT1-11i and CrDGTT1-13i decreased by 27.0 and 34.3%, respectively, compared to the control (day 1). As N deprivation stress persisted (days 2-4), the significant TAG reduction in the knockdown lines remained prominent. Notably, CrDGTT1-11i and CrDGTT1-13i exhibited an increase in the membrane lipids MGDG and PG but a decrease in SQDG. By contrast, DGDG, DGTS and PI showed no significant difference between the control and knockdown lines (Figure 3d ).
We further studied the effect of CrDGTT1 knockdown on TAG fatty acid composition. When compared to the control, TAG showed a significant decrease in the relative content of C16:1, C18:1n9, C18:2, C18:3n6 and C18:3n3 and an increase in C16:4, C18:0 and C18:1n7 in the CrDGTT1 knockdown lines under N deprivation conditions (Figure 3e and Figure S12) . A similar decrease in the relative content of these fatty acids in the sn-1/sn-3 positions of TAG was observed (Figure 3f ). In the sn-2 position of TAG, the relative content of C16:0, C16:1 and C18:1n9 was significantly decreased in the CrDGTT1 knockdown line (Figure 3g ), suggesting that CrDGTT1 was actively involved in both prokaryotic and eukaryotic TAG biosynthesis. The knockdown lines showed a decrease in nearly all fatty acids per cell dry weight, but most significantly in C16:1, C18:1n9, C18:2, C18:3n6 and C18:3n3 ( Figure S13 ). These in vivo results are in good agreement with the in vitro CrDGTT1 assay data (Figure 1a,d) , further supporting the preference of CrDGTT1 for unsaturated acyl CoAs, particularly PUFAs. No significant difference in the fatty acid composition of the six classes of polar lipids (i.e. MGDG, PG, SQDG, DGDG, DGTS and PI) was observed between the control and knockdown line ( Figure S14 ).
CrDGTT2 knockdown suppresses TAG accumulation and modifies unsaturated fatty acid composition Two CrDGTT2 knockdown lines, CrDGTT2-42i and CrDGTT2-45i, exhibited a >65% decrease in CrDGTT2 transcripts under both N-replete and N-deprived conditions (Figure 4a ). CrDGTT2 knockdown lines showed little difference in TAG content compared with the control under Nreplete conditions (Figure 4a , day 0). However, under Ndeprived conditions, we observed 23% and 20% decreases in TAG content in CrDGTT2-42i and CrDGTT2-45i, respectively, on day 1, and the reduction remained significant, but less pronounced, on days 2-4 ( Figure 4b ). CrDGTT2 knockdown increased the content of the major thylakoid membrane lipids MGDG, DGDG and PG, but decreased the SQDG content (Figure 4c ), similar to our findings for the CrDGTT1 knockdown lines.
The CrDGTT2 knockdown lines had less C16:1, C18:1n9, C18:3n6 and C18:3n3 in TAG under N-deprived conditions than did the control (Figures 4d and S15 ). These fatty acids were also less abundant in the sn-1/sn-3 positions of TAG in the CrDGTT2 knockdown lines under N deprivation (Figure 4e) . The relative content of C16:0, C16:1 and C18:1n9 in the sn-2 position of TAG was significantly attenuated in the CrDGTT2 knockdown line (Figure 4f ). The contents of all types of TAG fatty acids per dry cell weight decreased significantly, with C16:1 and C18:1n9 decreasing to the greatest extent ( Figure S16 ). Together, these results suggest that CrDGTT2 shows a substrate preference for unsaturated acyl CoAs during TAG biosynthesis in vivo (Figure 1b,d ).
CrDGTT3 knockdown suppresses TAG accumulation and modifies saturated and monounsaturated fatty acid composition Two CrDGTT3 knockdown lines, CrDGTT3-3i and CrDGTT3-15i, exhibited a decrease in CrDGTT3 transcripts by over 80% compared to the control under both N-replete and N-deprived conditions (Figure 5a ). Under N-deprived conditions, the TAG content of CrDGTT3-3i and CrDGTT3-15i cells decreased significantly compared to the control (Figure 5b ). CrDGTT3 knockdown caused an increase in MGDG and PG content and a decrease in SQDG (Figure 5c ). Under both N-replete and N-deprived conditions, the CrDGTT3 knockdown mutants showed a significant decrease in the relative content of C16:0, C16:1 and C18:1n9 in TAG compared to the control (Figures 5d and S17 ). The decrease in these fatty acids was also evident in the sn-1/sn-3 positions of TAG (Figure 5e) . The relative content of C16:0, C16:1 and C18:1n9 in the sn-2 position of TAG was significantly attenuated in the CrDGTT3 knockdown line (Figure 5f ). Furthermore, the contents of C16:0, C16:1 and C18:1n9 per cell dry weight in TAG of the CrDGTT3 knockdown line were considerably lower than in the control, whereas CrDGTT3 knockdown had little effect on the abundance of PUFAs such as C18:2, C18:3n3 and C18:3n6 ( Figure S18 ). These in vivo data are in good agreement with the findings of our in vitro assay (Figure 1c,d ), indicating that CrDGTT3 has a substrate preference for C16 saturated and monounsaturated fatty acids. CrDGTT1 is considerably up-regulated under nitrogen deprivation CC-4348 (sta6), a starch-null mutant that is defective in the gene encoding an ADP-glucose pyrophosphorylase subunit, produces more TAG than the wild-type strain (Li et al., 2010; Fan et al., 2012; Blaby et al., 2013; Goodenough et al., 2014) . We examined CrDGAT expression and TAG levels in CC-4348 and the reference strain CC-503 (Figure 6 ). Our quantitative real-time PCR results showed that CC-4348 had higher transcript levels of CrDGTT1, CrDGTT2 and CrDGTT3 than did CC-503 (Figures 6a and S19) , coincident with a 100% increase in TAG content in CC-4348 relative to CC-503 (Figure 6b ). Upon N deprivation, CrDGTT1 transcript levels increased by up to 54-fold, while those for CrDGTT2 and CrDGTT3 increased by only three-to fivefold. At the translational level, CrDGTT1 protein abundance increased upon N deprivation, with a 2.9-fold increase at 0 h and a 14.9-fold increase at 48 h for CC-4348 compared with CC-503 at 0 h, and a 3.8-fold increase for CC-503 at 48 h compared with CC-503 at 0 h (Figure 6c ). Interestingly, when the fatty acid profile of TAG was assessed in N-deprived CC-503 and CC-4348 cells, the latter were found to have a significantly higher relative abundance of C16:1, C18:1n9, C18:2 and C18:3n3 ( Figure S20 ), consistent with the acyl CoA specificity of CrDGTT1 (Figure 1a) and the higher expression level of CrDGTT1 in CC-4348 (Figure 6a ).
CrDGTT1 is probably located in the ER and chloroplast envelope
Type 2 DGATs are thought to catalyze TAG assembly in the ER in yeast and higher plants (Sorger and Daum, 2003; Chapman and Ohlrogge, 2012) . In contrast to TAGs in higher plants, Chlamydomonas TAGs contained up to 85% C16 fatty acids in the sn-2 position ( Figure S2c) . Similarly, DAGs also contained predominantly C16:0 in the sn-2 position (over 50%, Figure S21 ), suggesting that TAGs are probably synthesized through both the prokaryotic and eukaryotic pathways in C. reinhardtii, with the former contributing more to TAG biosynthesis. Consistent with this possibility, CrDGTT1 has a preference for C16 acyl groups over C18 acyl groups in the sn-2 position of DAGs (Figure 2a) . These results suggest that CrDGTT1 is involved in prokaryotic TAG biosynthesis, and call into question its proposed exclusive localization to the ER. Bioinformatic analysis using TargetP 1.1 (http://www.cbs.dtu.dk/services/ TargetP/) and SignalP 4.1 (http://www.cbs.dtu.dk/services/ SignalP/) failed to predict the subcellular localization of CrDGTT1. To examine the subcellular localization of CrDGTT1 experimentally, we prepared subcellular fractions from CC-503 enriched with the ER, mitochondria (MTC), chloroplast envelope (CpE), thylakoid membrane (TM) and LDs. To check for possible cross-contamination among these fractions, we used four markers (binding immuno- globulin protein (BIP), light-harvesting complex b1 subunit (LHCb1), alternative oxidase (AOX), and translocase of chloroplast 34 (Toc34)), which specifically target the ER, TM, MTC and CpE fractions, respectively. Only the MTC fraction showed signs of contamination with trace amounts of TM and ER (Figure 6d ). Immunoblot analysis using the CrDGTT1 antibody revealed that CrDGTT1 was enriched in the ER and CpE fractions, indicating that CrDGTT1 resides in both the ER and CpE (Figure 6d ). As no visible contamination of the CpE fraction by ER or TM was observed, the CrDGTT1 signal in the CpE fraction was unlikely to be due to contamination with ER or TM. The intracellular localization of CrDGTT1 requires further confirmation using GFP and in situ immunolocalization approaches. Unfortunately, our analysis of CrDGTT1-GFP fusions (including mCherry and Clover vectors) failed to reveal any significant florescent signal in wild-type Chlamydomonas or the UVM4 strain (Neupert et al., 2009 ) that shows improved transgene expression efficiency, probably due to the low expression level of membranebound proteins such as DGTT1, as also found for the galactoglycerolipid lipase PLASTID GALACTOGLYCEROLIPID DEGRADATION1 (PGD1) . We also attempted to determine the subcellular localization of CrDGTT2 and CrDGTT3, but did not detect these proteins, as the antibodies raised against CrDGTT2 and CrDGTT3 failed to work.
DISCUSSION
CrDGTT1, CrDGTT2 and CrDGTT3 have distinct acyltransferase activities and substrate specificities Diacylglycerol acyltransferases catalyze the only committed step of TAG biosynthesis, and have been suggested to be rate-limiting enzymes in TAG biosynthesis in higher plants (Ohlrogge and Jaworski, 1997; Lung and Weselake, 2006) . Unlike higher plants, many microalgae possess a relatively large number of DGAT genes encoding type 2 DGATs. Whereas the Arabidopsis genome harbors only one DGAT2 gene, C. reinhardtii has five DGAT genes (Miller et al., 2010; Boyle et al., 2012) , Phaeodactylum tricornutum has four (Gong et al., 2013) , Chlorella pyrenoidosa has five (Fan et al., 2014) , and Nannochloropsis oceanica has eleven (Vieler et al., 2012; Wang et al., 2014) . The presence of multiple DGAT2 genes may underlie the biosynthesis of large numbers of TAG species in microalgae.
Four independent studies including the present study have been performed to characterize C. reinhardtii DGAT genes by functional complementation in various TAG-deficient yeast strains (Boyle et al., 2012; Hung et al., 2013; Sanjaya et al., 2013) . While the previous studies confirmed that CrDGTT1, CrDGTT2 and CrDGTT3 had acyltransferase activity and contributed to TAG biosynthesis in yeast, we provided further evidence that CrDGTT1, CrDGTT2 and CrDGTT3 possess distinct specificities toward various acyl CoAs and DAGs.
The availability of limited numbers of radiolabeled substrates and the complexity of performing radiolabeling experiments are the main limitations for performing in vitro DGAT assays. Greer et al. (2014) developed a radiolabel-free method for DGAT activity determination using a short-chain DAG (dioctanoyl DAG) as the acyl acceptor. Based on high-temperature GC-MS, this method eliminates the use of labeled substrates and TLC, and is thus timesaving and cost-effective, but is limited to use of dioctanoyl DAG as the acyl acceptor. In our in vitro assay, we used non-radiolabeled acyl CoAs and DAGs to evaluate DGAT activity for a wide range of substrates present in C. reinhardtii, including PUFAs and medium-chain DAGs that had not previously been evaluated. Compared to the radiolabeled in vitro DGAT assay, our TLC-based radiolabel-free assay may be used to test a wider range of substrates, but is less sensitive and requires a higher level of TAGs for DGAT activity determination. To increase the amount of TAG product, we used a relatively high acyl CoA concentration (250 lM, Figure S5 ), which, although higher than that used in the radiolabeled assays (15-50 lM), was still within the linear range under our experimental conditions ( Figure S5 ) and did not introduce artifacts.
In some previous DGAT in vitro assays, detergent was used to dissolve DAG (Xu et al., 2008; Wagner et al., 2010; Greer et al., 2015) . In other studies, no detergent was used and DAG was added to the assay mixture from an alcohol stock (Milcamps et al., 2005; Shockey et al., 2006) . Similarly, in our assays, after addition of microsomal protein to the assay mixture, we delivered DAG from a 50 mM stock in ethanol by vigorous shaking. We also tested the inclusion of in the assay mixture, and our results suggest that this treatment did not significantly improve DGAT activity. Using our optimized assay method, we demonstrated that CrDGTT1, CrDGTT2 and CrDGTT3 had distinct substrate preferences for acyl CoAs with different chain lengths and numbers of double bonds. We also tested eight DAGs, and were able to distinguish DGAT preference with respect to prokaryotic DAGs (where sn-2 contains C16) and eukaryotic DAGs (where sn-2 contains C18): CrDGTT1 preferred prokaryotic DAGs, whereas CrDGTT2 and CrDGTT3 preferred eukaryotic DAGs (Figure 2) . The distinct substrate specificities of CrDGTTs on acyl CoAs and DAGs suggest that the multiple DGAT genes in Chlamydomonas may work in concert to use a wide range of substrates for biosynthesis of diverse TAG species in this microalga.
Intriguingly, CrDGTT1 and CrDGTT2 were highly active toward C20:5 and C22:6 CoAs (Figure 1 ). CrDGTT2 also exhibited activity toward C22:1 CoA, as indicated by a competition assay (Sanjaya et al., 2013) . Our work quanti-tatively determined the specific activity of DGAT toward C20:5 CoA. CrDGTT1 and CrDGTT2 catalyzed the production of approximately 200 nmol TAG per mg protein per hour, indicating a relatively high activity of these two DGTTs toward 20:5 CoA, given that reported DGAT activities range from 1 to 300 nmol TAG formed per mg protein per hour (Oelkers et al., 2002; Shockey et al., 2006; Stone et al., 2006; Xu et al., 2008; Liu et al., 2011; Zhang et al., 2013; Greer et al., 2015) .
The differences in substrate specificity of CrDGTT1, CrDGTT2 and CrDGTT3 may be attributable to amino acid diversification in the functional domains of these proteins. Bioinformatics analysis revealed the presence of multiple conserved motifs, including the YFP and HPHG motifs (Stone et al., 2006; Liu et al., 2011) , in the DGAT2 family (Cao, 2011; Chen and Smith, 2012) . Among CrDGTT1, CrDGTT2 and CrDGTT3, only CrDGTT1 possesses the HPHG motif; CrDGTT2 and CrDGTT3 contain a variant of this motif of the form FPHG (Hung et al., 2013) . The variation in the first amino acid residue of this motif may contribute to the different catalytic activity of CrDGTT1, CrDGTT2 and CrDGTT3, as observed for S. cerevisiae Dga1 and mouse DGAT2 (Stone et al., 2006; Liu et al., 2011) .
CrDGTT1, CrDGTT2 and CrDGTT3 are critical for stressassociated TAG biosynthesis in Chlamydomonas
Individual knockdown of CrDGTT1, CrDGTT2 or CrDGTT3 led to statistically significant 20-35% decreases in TAG content under N deprivation conditions (Figures 3c, 4b and 5b), indicating the critical and non-redundant roles of these CrDGTT genes in stress-induced TAG biosynthesis in Chlamydomonas. By contrast, knockdown of CrDGTT1, CrDGTT2 or CrDGTT3 did not significantly change the TAG content under N-replete conditions. Considering that CrPDAT knockdown with an efficiency of 65% resulted in a 58% decrease in TAG content under N-replete conditions (Yoon et al., 2012) , CrPDAT but not CrDGTT is probably the major contributor to TAG biosynthesis under favorable conditions. Consistent with the in vitro assay results (Figures 1 and  2) , knockdown of CrDGTT1, CrDGTT2 and CrDGTT3 individually led to different changes in TAG content and fatty acid profiles (Figures 3-5) . Taking the in vitro and in vivo data together, we infer that CrDGTT1 is the main enzyme catalyzing the incorporation of C18 PUFAs into TAG, CrDGTT2 is active toward unsaturated C16 and C18 acyl CoAs, and CrDGTT3 prefers C16 saturated and monounsaturated fatty acids as substrates. The distinct substrate specificities of CrDGTTs may lead to accumulation of various TAG species in C. reinhardtii under N deprivation.
Over-expression of CrDGTT genes in C. reinhardtii has been used to dissect their function in vivo. However, previous studies over-expressing CrDGTT1, CrDGTT2 or CrDGTT3 individually failed to show any appreciable difference in TAG content, either when expression of the transgenes was driven by a PsaD promoter under favorable growth conditions (La Russa et al., 2012) or by a SQD2 promoter under phosphorus starvation conditions (Iwai et al., 2014) . It is possible that over-expression of an endogenous gene for TAG biosynthesis is subjected to certain regulatory loops or negative feedback inhibition in C. reinhardtii. This possibility is partially supported by the fact that heterologous expression of a Brassica napus DGAT2 gene in C. reinhardtii promoted TAG accumulation and altered its fatty acid composition (Ahmad et al., 2014) . Interestingly, over-expression of CrDGTT4 led to an increase in TAG accumulation in C. reinhardtii (Iwai et al., 2014) , suggesting that the failure of CrDGTT4 to rescue TAG biosynthesis in H1246 is probably because either its activity is below our detection limit or certain enzyme co-factors are not present in yeast. As CrDGTT4 transcripts were much less abundant than CrDGTT1, CrDGTT2 and CrDGTT3 transcripts ( Figure S1 ), over-expression of CrDGTT4 may be subject to less feedback regulation, thus resulting in enhanced TAG biosynthesis. It is worth noting that introducing CrDGTT2 into Arabidopsis increased TAG accumulation in leaves and the relative abundance of unsaturated C18 fatty acids in TAG species (Sanjaya et al., 2013) , in agreement with our results that CrDGTT2 is active toward unsaturated C18 CoAs (Figure 1) . C16 fatty acids are the main acyl groups found in the sn-2 position of Chlamydomonas TAGs (Figure S2c ), suggesting that most DAG backbones for TAG biosynthesis are derived from the prokaryotic pathway in the chloroplast. Recent studies revealed the presence of plastidic LDs in addition to cytosolic LDs in the sta6 mutant (Fan et al., 2011; Goodson et al., 2011) , and showed that LDs contained certain plastid membrane proteins and lipids (Tsai et al., 2015) . These data suggest that a prokaryotic pathway for TAG biosynthesis exists in the C. reinhardtii chloroplast. This was further supported by our in vitro and in vivo data showing that CrDGTT1, CrDGTT2 and CrDGTT3 accepted both plastid-and ER-derived DAGs for TAG assembly. In particular, CrDGTT1 prefers prokaryotic DAGs over eukaryotic ones, supporting its role in prokaryotic TAG biosynthesis. Our immunoblot analysis with subcellular fractions revealed that CrDGTT1 resided in both the ER and CpE (Figure 6d) . LDs, the sink for TAG storage, had no detectable CrDGTT1 protein, consistent with previous proteomics studies in which no DGAT was found in the LD fraction (Moellering and Benning, 2010; Nguyen et al., 2011) . Taken together, we propose a working model for the role of CrDGTT1 in TAG biosynthesis under N deprivation conditions (Figure 7 ). Fatty acids from de novo biosynthesis or membrane lipid turnover pathways constitute the acyl CoA pool, and enter the Kennedy pathway for biosynthesis of prokaryotic and eukaryotic DAGs. CrDGTT1 probably resides in both the CpE and ER, and accesses these DAGs and acyl CoAs to synthesize prokaryotic and eukaryotic TAG species packed into ER-derived and possibly plastid-derived LDs. In the current model, we cannot exclude the possibility that acyl CoAs and DAGs of different origins may be translocated between the ER and chloroplast by diffusion along the LD-delimiting monolayer, and used by CrDGTT1 for TAG assembly, as hypothesized by Goodson et al. (2011) . The exact mechanisms for dual targeting of CrDGTT1 remain to be explored, as current prediction programs such as TargetP 1.1 and SignalP 4.1 that are trained on sets of plant genes fail to identify any signal peptide in this protein. Interestingly, a recent study by Manandhar-Shrestha and Hildebrand (2015) suggested that Thalassiosira pseudonana DGAT2 was also present in two subcellular organelles, shifting from the chloroplast in the exponential growth phase to the ER in the stationary growth phase.
TAG biosynthesis interacts with membrane lipid turnover in Chlamydomonas
Knockdown of CrDGTTs led to an increase in MGDG content with a concomitant decrease in TAG content (Figures 3d, 4c and 5c ), suggesting a role for MGDG turnover in TAG biosynthesis L egeret et al., 2016) . MGDG is probably hydrolyzed by galactolipases that are up-regulated during MGDG degradation under N deprivation conditions Yoon et al., 2012; Gargouri et al., 2015; L egeret et al., 2016) . PGD1, a galactolipase of C. reinhardtii, hydrolyzed MGDG with a preference for the sn-1 position, and its disruption led to attenuated TAG biosynthesis , supporting a role for MGDG turnover in TAG biosynthesis. It is worth noting that PGD1 acts on de novo-synthesized MGDG (which predominantly contains molecular species 18:1n9/16:0 (sn-1/sn-2)), but not on the mature species which predominantly contains molecular species 18:3n3/16:4 (sn-1/sn-2), and releases C18:1n9 as the main product . Consistent with this, in our FFA feeding experiment, C18:1n9 feeding did not affect the MGDG content or its fatty acid profile ( Figures S8e and S10) , presumably because PGD1 specifically degrades MGDG species synthesized from C18:1n9-enriched DAG, leading to MGDG homeostasis and accumulation of TAG enriched in C18:1n9. Feeding of C18:3n3, on the other hand, increased the MGDG content in Chlamydomonas, possibly because PGD1 lacks function toward highly unsaturated MGDG species.
As Chlamydomonas TAGs contain the signature fatty acids of MGDG (C16:4 and C18:3n3), certain unknown lipases may mediate turnover of mature MGDG (C18:3n3/ C16:4) and release these highly unsaturated acyl groups for TAG assembly. CrPDAT is a multi-functional enzyme with proven galactolipase function (Yoon et al., 2012) . Similar to PGD1, CrPDAT prefers MGDG to DGDG as a substrate for release of acyl groups. However, whether PDAT hydrolyzes mature MGDG species remains unknown. A pathway mediated by a galactolipid:galactolipid galactosyltransferase may also play a role in MGDG remodeling (Benning and Ohta, 2005; Moellering and Benning, 2011) . The galactolipid:galactolipid galactosyltransferase transfers a galactosyl moiety from an MGDG molecule to a second galactolipid molecule (MGDG or DGDG), resulting in formation of highly unsaturated DAG for TAG biosynthesis in Arabidopsis. It would be interesting to characterize galactolipid:galactolipid galactosyltransferase and confirm its activity toward MGDG in microalgae.
Biotechnological implications
In this study, we demonstrated that CrDGTT1, CrDGTT2 and CrDGTT3 catalyzed formation of various TAG species in vitro, and contributed to the biosynthesis and accumulation of diverse TAG species in C. reinhardtii in response to N deprivation. As C. reinhardtii contains predominantly prokaryotic TAGs, and CrDGTT1, but not CrDGTT2 or CrDGTT3, preferred prokaryotic substrates, CrDGTT1 is probably the key enzyme responsible for TAG production in C. reinhardtii. Thus, CrDGTT1 represents a promising gene target for metabolic engineering of this and other related microalgal species for improved lipid production, for example through enzyme engineering or over-expression of CrDGTT1 homologs. CrDGTT1 and CrDGTT2 had high activities on x-3 long-chain PUFAs, particularly eicosapentaenoic acid (20:5), thus providing opportunities to engineer microalgae or other microbes to over-produce eicosapentaenoic acid-rich TAGs. 
EXPERIMENTAL PROCEDURES Strains and growth conditions
The Chlamydomonas strains used, including the wild-type strain CC-1690 (mt + ), the cell wall-deficient strain CC-503 (mt + cw92) and the sta6 mutant (CC-4348), were obtained from the Chlamydomonas Resource Center (http://www.chlamycollection.org/). All strains were grown in Tris-acetate-phosphate (TAP) medium containing 7.5 mM NH 4 Cl at 23°C under continuous illumination of 40 lmol photons m À2 sec
À1
. To impose N deprivation, cells were collected in the stationary growth phase, washed with N-free TAP medium (TAP-N) at room temperature for 5 min, and resuspended in TAP-N. For feeding with external fatty acids, C16:1n7, C18:1n9, C18:2 and C18:3n3 were supplemented at concentrations of 62.5-250 lM as described by Siloto et al. (2009) , under nitrogen deprivation in the presence of 10 lM cerulenin, a specific inhibitor against fatty acid biosynthesis.
RNA isolation and quantitative real-time PCR
RNA was isolated from algal samples using TRI reagent (Invitrogen, https://www.thermofisher.com/us/en/home/brands/invitrogen.html) according to the manufacturer's instructions. cDNA synthesis and quantitative real-time PCR were performed as described by Liu et al. (2012) using an Applied Biosystems 7500 fast real-time PCR system (http://www.thermofisher.com/us/en/ home/brands/applied-biosystems.html) with SYBR Green PCR Master Mix (Invitrogen). Primer sequences used for real-time PCR are listed in Table S1 . The mRNA expression level was normalized using the actin gene as the internal control.
Gene cloning, expression in yeast, and yeast lipid analysis
Chlamydomonas DGAT genes were cloned into the yeast expression vector pYES2-CT (Invitrogen). The PCR primers for cloning are listed in Table S1 . The recombinant CrDGAT constructs were then transformed into the TAG-deficient S. cerevisiae strain H1246 (Ddga1Dlro1Dare1Dare2) (Sandager et al., 2002) using an S.c. EasyComp TM transformation kit (Invitrogen). Fatty acids were fed to yeast cultures as described by Siloto et al. (2009) , with supplementation of C16:1n7, C18:1n9, C18:2 and C18:3n3 at a concentration of 250 lM under galactose induction.
Lipid extraction and analysis of yeast cells were performed as described by Yoon et al. (2012) . For lipid quantification, lipids on TLC plates were visualized using iodine vapor, recovered, transesterified, and analyzed by GC-MS, as previously described (Li et al., 2010) .
Yeast microsome preparation and in vitro CrDGAT activity assay
Yeast transformants were collected after growth in liquid galactose medium lacking uracil for 15 h at 30°C. The cell pellets were resuspended in cell lysis buffer containing 5% glycerol, 20 mM Tris/HCl pH 8.0, 0.3 M ammonium sulfate, 10 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 19 EDTA-free protease inhibitor cocktail set X (Calbiochem, http://www.calbiochem.com), 1 mM phenylmethanesulfonyl fluoride to an OD 600 of approximately 100, and lysed by passing twice through a French press (Spectronics Instruments, www.spectronic.com) at an internal pressure of 103 421 Kpa. Cell debris was removed from the suspension by centrifugation at 10 000 g for 10 min at 4°C, and the supernatant was centrifuged further at 100 000 g for 1 h at 4°C. The resulting microsomal membrane pellets were resuspended in microsomal storage buffer (50 mM Tris/HCl, pH 7.5, 10% glycerol) to a protein concentration of 10 lg ll À1 for immediate use or storage at À80°C.
The DGAT in vitro assay was performed in a 200 ll volume of assay mixture containing 50 mM potassium phosphate (pH 7.5), 10 mM MgCl 2 , 40 lg microsomal membrane protein, 250 lM acyl CoA and 250 lM DAG (from a 50 mM stock in ethanol). Reactions were incubated at 30°C for 1 h, and the lipids were extracted and detected as described above. The microsome fraction alone, the microsome fraction with acyl CoA, or the microsome fraction with DAG were used as controls, and the background levels of TAG were subtracted from the data for DGAT activity analysis. The acyl CoAs included palmitoyl CoA (C16:0 CoA), hexadecenoyl CoA (C16:1 CoA), stearoyl CoA (C18:0 CoA), oleoyl CoA (C18:1n9 CoA), linoleoyl CoA (C18:2 CoA), a-linolenoyl CoA (C18:3n3 CoA), c-linolenoyl CoA (C18:3n6(d6) CoA, which is different from C18:3n6 (D5,9,12) present in Chlamydomonas), eicosapentaenoyl CoA (C20:5n3 CoA), docosahexaenoyl CoA (C22:6n3 CoA), and lignoceryl CoA (C24:0 CoA). The DAGs included C16:0/C16:0 DAG, C16:1/C16:1 DAG, C18:1n9/C16:0 DAG, C16:0/C18:1n9 DAG, C18:1n9/C18:1n9 DAG, 1,3-C18:1n9/C18:1n9 DAG, C18:2/C18:2 DAG and C18:3n3/C18:3n3 DAG. C16:1/C16:1, C18:2/C18:2 and C18:3n3/ C18:3n3 DAGs were purchased from Larodan Fine Chemicals (http://www.larodan.com/), and C18:1n9/C16:0 DAG was prepared by partial digestion of C18:1n9/C16:0/C18:1n9 TAG using Rhizopus arrhizus lipase (Sigma-Aldrich, http://www.sigmaaldrich.com/) and recovery of DAG. The other lipid standards were purchased from Avanti Polar Lipids (http://avantilipids.com/).
Artificial microRNA-mediated gene silencing
The amiRNA vectors targeting CrDGTT genes were designed as described by Molnar et al. (2009) . The resulting forward and reverse oligonucleotides (Table S1) for CrDGTT1, CrDGTT2 and CrDGTT3 were annealed and cloned into the SpeI site of the pChlamyRNA4 vector ( Figure S11 ), which was derived from pChlamyRNA2 (Chlamydomonas Resource Center, http://www.chlamycollection.org/) by substituting ARG7 with a b-tubulin-aphVIII cassette from the plasmid pKS-aphVIII-lox (Chlamydomonas Resource Center). These vectors were linearized using ScaI, transformed into Chlamydomonas, and screened as previously described (Yoon et al., 2012) .
Organelle preparation and immunoblotting
To isolate cellular organelles, 2 liters of CC-503 cell culture were collected and washed in ice-cold PBS. Thylakoid membranes and chloroplast envelope membranes were isolated as previously described (Chua and Bennoun, 1975; Mendiola-Morgenthaler et al., 1985) with some modifications. Algal cells were disrupted using BioNeb (VWR, https://vwr.com/) at 138 Kpa, and the cell homogenate was layered onto a sucrose gradient containing 0.9 M/0.6 M sucrose and centrifuged at 10 000 g, 4°C for 1 h. Thylakoid membranes floating on the 1.3 M sucrose fraction were collected, and the membranes were pelleted by centrifugation (100 000 g, 4°C for 10 min).
To isolate LDs, cells were disrupted as described above. The supernatant was mixed with 10 ml ice-cold isolation buffer containing 60% w/v sucrose. The density-adjusted cell lysate (12 ml) was loaded into an ultracentrifuge tube and topped with 12 ml isolation buffer containing 5% w/v sucrose. The samples were centrifuged at 100 000 g for 1 h at 4°C. LDs floating on the isolation buffer were collected and resuspended in isolation buffer containing 5% w/v sucrose and 100 mM sodium carbonate. The sucrose gradient containing crude LDs was layered on the isolation buffer, and centrifuged at 100 000 g, 4°C for 30 min to purify LDs. ER membranes and mitochondria were isolated as described by Bessoule et al. (1995) and Eriksson et al. (1995) , respectively.
The protein samples from organelle fractions and whole cells were used for immunoblotting as previously described (Yoon et al., 2012) . Recombinant anti-CrDGTT1 antibody was obtained from Agrisera AB (http://www.agrisera.com/).
Chlamydomonas lipid extraction and analysis
Algal lipid extraction from Chlamydomonas and TLC analysis of neutral lipids were performed as previously described (Yoon et al., 2012) . For TLC analysis of polar lipids, a mixture of chloroform/methanol/acetic acid/water (25/4/0.7/0.3 by volume) was used as the mobile phase. Lipid detection by charring and lipid quantification by GC-MS were performed as previously described (Li et al., 2010) . TAG positional analysis was performed using R. arrhizus lipase as described by Li et al. (2012) .
Statistical analysis
All experiments were performed using biological triplicates to ensure reproducibility. Values presented are means AE SD. Statistical analyses were performed using the SPSS statistical package (SPSS Inc., http://www-01.ibm.com/software/analytics/ spss/). The paired-samples t test was applied. Differences were considered statistically significant at P values <0.05.
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